Abstract-Transmission bit rates are optimized for two-class traffic in variable spreading gain code-division multiple-access systems with antenna arrays. In an array antenna system, the interference levels experienced by the users belonging to different beams are not the same. Thus, it is not efficient to allocate the same rates to all the data users even though they belong to a cell. Considering this, an optimum rate allocation scheme is proposed for delay-tolerant data users. Additionally, we also propose the optimum rate allocation scheme for voice and data users when a packet scheduling scheme is considered. Numerical results show that, in array antenna systems, the proposed schemes considerably outperform the conventional scheme designed for omniantenna systems.
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I. INTRODUCTION
T HIRD-GENERATION communications systems must provide multimedia services. In omniantenna code-division multiple-access (CDMA) systems, various rate allocation schemes have been proposed for two-class traffic [1] - [4] . These schemes allow delay-tolerant data users to dynamically utilize the unused capacity left by the real-time voice users. In these schemes, the transmission rates for the data users are generally controlled by considering the interference levels induced by the voice users. In omniantenna systems, the data users' signals received at a base station (BS) experience the same intracell and intercell interferences. Thus, the previous schemes [1] - [3] allocate the same transmission rates to the data users of a cell for a given interference level induced by the voice users. The optimum scheme in [4] also allocates the same transmission rates for the data users whose channel gains are the same.
Recently, array antenna systems have received increasing interest for improving the performance of wireless radio systems. In array antenna systems, however, the data users' signals received at a BS may experience different intracell and intercell interferences according to their beams or their direction of arrivals (DOAs). This interference difference may come from the nonuniform distribution of the voice and/or data users. However, even if all the users are distributed uniformly, the difference may exist due to the voice activity. Thus, applying the conventional scheme may not be efficient, and it is necessary to study new proper rate allocation schemes for array antenna systems. Although a few heuristic rate allocation schemes [5] were proposed for antenna array systems, optimum rate allocation has seldom been studied. In this paper, we focus on the optimum rate allocation for two-class traffic in CDMA systems with antenna arrays. We consider short-term traffic control: the number of connected voice and data users is fixed. The transmission time scale is organized in slots and a voice or data packet is transmitted during a slot. We assume quasi-static flat fading: the path gain is constant during a slot. We also assume perfect instantaneous power control in the uplink of an array antenna system: at each BS, the received power of every user is always maintained at the desired level.
For real-time voice users, a constant bit rate is provided. The received signal power for every voice user in the th cell is assumed to be proportional to the number of existing voice and data users in the cell. Then the transmission power for voice user in cell at slot is given by , where represents the channel gain at slot between the th voice user of cell and BS . Thus, the maximum required transmission power is given by , where and . We assume that there exists a constraint on the maximum transmission power, i.e., , where is the peak allowed transmission power for voice users.
For delay-tolerant data users, the transmission bit rates can be controlled at the slot layer. Let be the transmission bit rate of the th data user in cell at slot . We assume as in [2] . Note that, unlike the conventional scheme, the transmission rates of the data users may be different even though they belong to the same cell. To accommodate multiple transmission rates and multiple quality of service (QoS) requirements, we adopt two principles of the variable spreading gain CDMA technique [6] , [7] . First, for the users with different rates and the same QoS, the amount of the received power should be proportional to the rates. Second, for the users with different QoSs and the same rate, the amount of the received power should be proportional to the QoSs. That is, the received power for the th data user in cell at slot will be proportional to the transmission bit rates and the QoS requirements (1) where and are the required energy-per-bit-to-interference-plus-noise density ratio (EINR) for the data and voice 0090-6778/03$17.00 © 2003 IEEE users, respectively. The transmission power of data user in cell at slot is given by , where represents the channel gain at slot between the th data user of cell and BS . As in the case of voice users, we also assume that there exists a constraint on the maximum transmission power, i.e.,
, where is the peak allowed transmission power for data users, and . The outline of the paper is as follows. The EINR of the array antenna system is presented in Section II. In Section III, an optimum transmission rate allocation scheme is proposed for the data users in variable spreading gain CDMA systems with antenna arrays. Additionally, with packet scheduling, another optimum rate allocation scheme is proposed for voice and data users. In Section IV, numerical results are presented in order to evaluate the performance of the proposed schemes. In Section V, conclusions are given.
II. EINR IN THE ANTENNA ARRAY SYSTEM
Let and be the array response vectors from BS to the th voice user and the th data user, respectively, in cell at slot . The array response vectors may be calculated by various DOA estimation schemes such as the multiple signal classification (MUSIC) method and the estimation of signal parameters via rotational invariance technique (ESPRIT) method [8] . In this paper, we assume that the BSs have perfect DOA information of the users as in [9] . Let and be the beamforming weighting vectors at slot , by which the received signals of the th voice user and the th data user are weighted at BS , respectively. For calculating the beamforming vectors, numerous schemes may be used such as the conventional beamformer, the null-steering beamformer, and the optimal beamformer [8] . Because our proposed schemes are not specific to beamforming methods, any beamformer can be used.
Let voice users and data users exist in the th cell. The state of each voice user, active or inactive, can vary at each slot. Let represent the voice activity of the th voice user in cell at the th slot. It is a Bernoulli variable with success probability . If the th voice user in cell is active at the th slot, is equal to one; otherwise, is equal to zero. Let be the number of antenna elements, the thermal noise power, the spreading bandwidth, and the number of cells. At the th slot, the EINRs of the th voice user and the th data user in cell can be expressed as [7] , [9] (2)
where
III. OPTIMUM RATE ALLOCATION
A. Optimum Rate Allocation for Data Users Without Packet Scheduling
To maximize the data throughput, we formulate an optimization problem. Let and . The optimum data rate vector which maximizes the total data throughput at the th slot is obtained by solving the following problem: (8) subject to (9) (10) (11) (12) where is the column vector whose elements are equal to one, the set of active voice users in BS at slot , and . In the above optimization problem, (9) and (10) mean that the EINR requirements of all the voice and data users must be satisfied. Additionally, the constraint on the maximum allowed peak transmission power for the data users is represented by (11) . Finally, (12) denotes that the minimum transmission rate for the data users must be equal to or greater than the minimum rate requirement . When the optimum rates are obtained, the received powers are calculated by (1) .
Since all the constraints of (9)-(12) can be expressed as linear inequalities in terms of , the optimum solution can be obtained by several methods such as the Simplex method [10]. Given , the average throughput per data user during slots is calculated as (13)
B. Optimum Rate Allocation for Voice and Data Users With Packet Scheduling
Because of nonzero finite beam widths in array antenna systems, the signals belonging to the adjacent beams may function as interferences to one another. Thus, if we reduce the number of simultaneously existing beams and locate these beams as sparsely as possible, the interbeam interference is decreased. This results in the reduction of intracell and intercell interferences to every user. Based on this fact, a packet scheduling scheme has been proposed for one-class traffic in array antenna systems [7] . In this scheme [7] , a slot is divided into multiple subslots and these subslots are scheduled. In this section, we extend the previous scheme to two-class traffic environments. However, we consider the grouping of slots rather than the splitting of slots, because the splitting slots may not be allowed and may increase the signaling overheads. Fig. 1 shows the packet scheduling scheme with grouping when 16 users exist in a cell.
denotes the slot duration and denotes the received power, which is assumed to be the same for all the users in this figure. We observe that the interbeam interference can be decreased by this packet scheduling.
We assume that slots are grouped and they are optimized at the same time. Let and be the rates of the th voice and the th data users, respectively, in cell at the th slot of the th group. We define , , , , , and as follows:
Because we assume variable spreading gain technique, the received powers for the th voice user and the th data user in cell at the th slot of the th group are given by (14) (15) Let and be the sets of the voice and data users who transmit the voice and data packets, respectively, in cell during the th slot at the th group. The packet scheduling can be realized by determining and in an appropriate way. For efficient packet scheduling, and must be chosen so that the number of simultaneously existing beams can be reduced and these beams can be located as sparsely as possible. We assume that the number of active voice users does not change during slots. For small such as or , this assumption is reasonable because the talk spurt, whose average duration is about 1.2 s [11] , is much longer than the duration of a slot. Then, under the assumption that all the users are uniformly distributed, and can be determined as in Appendix A. For nonuniform distribution, other choices can be more efficient. Using , , , , , and , we can define , , , and in a similar way to the previous sections.
To maximize the total data throughput with the packet scheduling at the th group, we formulate an optimization problem
where , , and
. In this optimization problem, (17) and (18) mean that the EINR requirements of all the voice and data users must be satisfied. Additionally, the constraints on the maximum allowed peak transmission powers for the voice and data users are represented by (19) and (20). For the voice users, (21) denotes that the average transmission rate during slots must be equal to . For the data users, (22) denotes that the average minimum transmission rate during slots must be equal to or greater than the minimum rate requirement . Finally, (23) and (24) are the nonnegativity constraints on the transmission rates of the voice and data users, respectively. When the optimum rates are obtained, the received powers are calculated by (14) and (15).
Since all the constraints can be expressed in linear forms with respect to , the optimum solution can be obtained with various methods. Then the average data throughput per data user during slots can be calculated as (25)
C. Computational Complexity and the Peak Transmission Power
As previously stated, the proposed optimization problems can be solved by linear programming such as the Simplex method.
In view of computational complexity, the Simplex method or any of its variants is a good algorithm, on average [10] . Let be the number of variables of a linear problem. Let denote the number of equality or inequality constraints of the linear program, excluding the nonnegativity constraints. The time complexity of the ellipsoid algorithm is , on average, where is referred to as the digital size and it generally depends on and [10] . That is, the Simplex method is a polynomial algorithm rather than an exponential algorithm, on average. Additionally, more efficient schemes such as the projective algorithm could reduce the computational complexity further. In practice, it was reported that the problems with and could be solved in very short computing times [10] . Considering the low computational complexity of the Simplex method or its variants, we can see that the proposed problems can be easily solved. Assume that active voice users and data users exist in each cell. First, in the optimization without packet scheduling, the number of variables per cell is . Because (12) can be considered as the nonnegativity constraints, the number of constraints per cell, excluding the nonnegativity constraints, is . This problem can definitely be solved very easily. Next, in the optimization with packet scheduling, the number of variables per cell is . Under the assumption that and are determined as in Appendix A, the number of constraints per cell, excluding the nonnegativity constraints, is independent of and is given by (see Appendix B). Although this problem is a little more complex, this can also be solved very easily for small such as 2, 3, 4. The optimum scheme with packet scheduling may improve the data throughput, and this improvement tends to be more significant for larger . However, the hardware complexity may be also increased because, at some slots, the packet scheduling scheme may request voice and/or data users to increase the instantaneous transmission rates maximally up to times, compared with the scheme without packet scheduling. Thus, the peak transmission power must also be increased sufficiently, especially for the users near cell boundaries, although the average power consumption may be the same. However, these high peak-to-average power ratios of the transmitted signals may give rise to the inefficient operation of the radio frequency power amplifier. Without the sufficient increase of the peak transmission power, the performance of the packet scheduling may deteriorate because the users, whose channel gains are very small, may not increase their transmission rates to the levels requested by the packet scheduling.
IV. PERFORMANCE COMPARISON

A. Conventional Data Rate Allocation Scheme
In the conventional schemes [1] - [3] for omniantenna systems, the transmission rates are the same for the data users of a cell. Let be the transmission rates of the data users in cell at slot . Then, in the conventional schemes, the maximum transmission rates are obtained as follows:
is chosen so that can be maximized while the minimum EINR, the minimum data rate, and the maximum transmission power constraints are satisfied as in (9)-(12). Since this is a linear optimization problem, the optimum solution can be obtained. Given the optimum solution, the average data throughput per data user during slots is calculated as (26)
B. Numerical Results
In the simulation, a circular array antenna with radius is assumed at each BS, where is the wave length at the carrier frequency of the signals. As a weighting vector calculation method, we use the conventional beamformer [8] . We assume that , , , . We choose and as in Appendix A. For the proposed schemes, signaling is required in order to control the transmission rates of the delay-tolerant data users. We use 10 bits per slot for the signaling. For the voice users, the signaling is not necessary because the transmission rate is when and are determined as in Appendix A. Other system parameters are summarized in Table I . As performance measures, we define the throughput gain by the optimum scheme without packet scheduling over the conventional scheme, and the gain by the optimum scheme with the presented packet scheduling scheme. Note that, for performance comparison of the proposed and the conventional schemes, we assume the same system environment, i.e., we use the same array antenna system, the same beamforming algorithm, and the same system parameters. We can see that the proposed schemes considerably outperform the conventional scheme. The gain is improved when the packet scheduling is applied. In particular, the larger is, the higher the gain is. In addition, as the number of the data users decreases, the gains become larger because the data users can control their transmission bit rates more dynamically. Fig. 3 shows and versus when . Fig. 4 shows the additional signaling overhead normalized by the throughput of the conventional scheme. The range of the normalized signaling overhead is between 1% and 5%. In practice, the maximum normalized overhead is, at most, 7% because 10 bits per slot are used for additional signaling and the minimum transmission rate of data users is 14.4 kbits/s. Note that the additional signaling overhead is negligible compared to the throughput improvement (from 40% to 380% depending on the number of voice and data users). 
V. CONCLUSION
Because array antenna systems increase the capacity considerably, they will be used in third-generation communications systems. In this paper, we have considered optimum rate allocation for two-class traffic in variable spreading gain CDMA systems with antenna arrays. In array antenna systems, the residual capacity which can be allocated to data users varies according to the beams or the DOAs, even in a cell. Considering this, we have optimized the transmission rates of the data users. We have also proposed an optimum voice and data rate allocation method when a packet scheduling scheme is applied. Numerical results show that the proposed schemes outperform the conventional scheme considerably. Note that (23) and (24) are nonnegativity constraints.
